The multiscale analysis in the authors' finite element code confirmed possibility of fracture, because of not sufficiently high level of compressive residual stress in the TiN deposited by physical deposition method and varied mechanical properties of the thin film and substrate. The residual stress cannot be identified by X-ray technique for amorphous polymer and layer with domains of crystalline TiN. It is assumed that the buffer biocompatible thin film of Au in the TiN/Bionate II material system will alter the evolution of residual stress and, therefore, will allow to determine the residual stress in profilometry studies, and helps to improve toughness of the connection between TiN and Bionate II. The introduction of Au nanocoating in the material system results in bending of the sample and a compressive residual stress in the TiN coating. Results of finite element simulation show improvement of connection between the polymer and TiN, and an increase of compressive residual stress in the coating by introduction of Au nanointerlayer results in reduction of stress and strain in the substrate (close to the boundary between substrate and coating).
Introduction
The Polish pneumatic ventricular assist device (VAD) [1] is made of a thermoplastic polycarbonate-urethane Bionate II. So far the two-scale model of the device was developed [2, 3] and it is still enriched with a new experimental data related to material properties [4, 5] and the construction related phenomena observed both in a microscale [6, 7] , like cracks, fracture [8] , and so forth, and in a macroscale, for example, efficiency of the construction shape [9] . The model has already been applied to optimize crucial parameters of the whole construction [6, 9, 10] . Continuing to press ahead, the model development gives hope for further improvements of the VAD construction.
A biocompatible thin film is recommended for surfaces of the VAD, so our construction has a TiN nanocoating deposited by a pulsed laser deposition (PLD) technique. Some disadvantages of this structure were presented elsewhere [11] . The PLD is a low temperature process allowing permanent modification of some properties only in a superficial layer of product, so it can be successfully applied on the polymer substrate. However, this technique similarly as the other physical vapour deposition (PVD) processes usually develops high values of residual stresses [12] . The residual stresses in the layer deposited by PVD methods result from the mismatch of the lattice parameters and of the thermal expansion properties between a thin film and substrate [13] . For the PLD process, kinetic energies of ions and neutral species in an ablation plume can range from a few tenths to several hundred electron volts and are sufficient to modify a stress state of superficial layers through defect formation [14] . The compressive stress state is typical for layers deposited from an unabated energetic plume. The residual stresses in a thin film system can lead to buckling, cracking, void formation, and film debonding [13] . For the room temperature deposition, the stresses easily can reach an unacceptable level [11] . Fortunately, they can be reduced by a selection of process parameters [15, 16] .
Defect with a dome-shaped topography can be formed during covering of stiff substrates. On the other hand, wrinkle structures are typical for the deposition of soft substrates. The wrinkling is a typical defect related to a high residual stress developed in TiN coatings deposited on polymers such as polycarbonate, polyimide, polyamide, and thermoplastic 2 Journal of Nanomaterials polyurethane [11, 15] . Wrinkles and nanowrinkles are related to a stress relaxation of the whole structure and can be formed in several superseding structures with an increase of thickness of the deposited film. Some cracks can be formed in the coating when the coating cannot follow the deformation of the substrate surface by elastic or plastic deformation. Cracks can be observed in the coating of easily deformable polymers even for films of thickness of 10 nm [15] .
Different solutions are proposed in the literature to avoid/reduce detrimental effects related to a residual stress. From our point of view the most interesting are those related to an introduction of an intermediate gold layer between a TiN and polymer [17] [18] [19] , because gold is known as the biocompatible material. It was stated that the gold layer (especially a very thin layer) can increase a toughness of the structure [17] and improve a metal-polymer connection [18] . On the other hand, the gold buffer layer also can change residual stress [19] and does not have isotropic properties [19] . Concluding, it is very difficult to anticipate directly a precise influence of the gold buffer layer on residual stress in the structure.
Experimental and numerical verifications of the effect of gold buffer on the residual stress in the TiN nanocoating deposited on the Bionate II polymer substrate and on the structure properties determined during a microtensile test are the practical goals of the present work. We hope that presented approach will be helpful to design the optimal structure of the VAD and moreover provide methodology for construction of similar structures dedicated for other applications.
Experiments
The TiN nanocoatings of thicknesses ca. 50nm were deposited on the Bionate II substrates. The ablation system uses a Nd:YAG pulsed laser that was applied [16] . The parameters of deposition process were 100 mJ energy of laser beam, 266 nm wavelength, 4.2 J/cm 2 fluence, 25 ∘ C temperature of substrate, 12 ns pulse duration at a repetition rate of 10 Hz, and 5000 laser shots. For one lot of samples the gold nanocoatings of thickness 5 nm were deposited as interlayers between the TiN and Bionate II. The gold was deposited by a magnetron sputtering method with a discharge current 10 mA and a deposition time 5 min. The interlayers were not imposed for specimens from the second lot of samples. The part of substrate was obscured during deposition, and such area was used for measurements of the deposited thickness. The Dimension Icon PT (by Veeco) atomic force microscopy (AFM) was used for a thickness measurement of the deposited materials. The AFM was also used for roughness measurements ( parameter) of the deposited layers which was determined as equal to about 113 pm (for size of area ca. 100 nm × 100 nm) and 5.21 nm and 241 nm (for sizes of areas ca. 1 m × 1 m and 100 m × 100 m). For polyurethane substrate parameter is about 1.74 nm (for size of area ca. 100 nm × 100 nm) and 7.5 nm and 78.7 nm (for sizes of areas ca. 1 m × 1 m and 100 m × 100 m). These values are the average arithmetic of the highest and lowest points over the complete 3 dimensional surface, determined for the three sizes of areas. The AFM's images showing the coatings' topography on the selected line of the 3 areas in 3D are presented in Figure 1 . The surface of TiN nanocoating is not regular, as well as the profile connection between the coating and substrate. The approach, which describes in a simplified way the problems associated with the deviation of surface, was developed by international standards [20] and for the TiN deposited on polymer it is similar to a surface roughness described by the second order deviation [20] which can be approximated by a sinusoidal wave and characterized by its parameters (an antinode and a wavelength). For the TiN coating an antinode and a wavelength were equal to 12.5 nm and 100 nm, respectively. These values were calculated for a surface wave approximated by a sinusoidal wave. Moreover, during measurement it was verified that the coatings were smooth, without cracks, delaminations, and chipping and they were suitable for further experiments.
For residual stress determination the specimens of size 23 * 5 * 0.14 mm were used. One end of each specimen on distance of 0.2 mm was free of coatings. The camera pictures of specimen TiN/Au/Bionate II are shown in Figure 2 . Deflections were measured using optical profilometer Wyko NT9300 (by Veeco company). Although vertical resolution of measurement was equal to 3 nm, the overall error of the measurement was estimated as equal to 0.05 mm, due to not uniform thickness of the substrate polymer. It was found that deflection of the one-layer specimens was in the range of experimental error, so it was assumed as a nodeflection case. On the other hand, the specimen with the gold buffer layer indicated significant deflection (increase in the specimen highest deflection equal to 0.976 mm) and a bending direction indicated presence of a compressive residual stress. This value was used during calculation of the residuals stress level (see Sections 3 and 4.3) .
The microtension test of two and three layers materials was performed directly during the Scanning Electron Microscope (SEM) observation. For this purpose, the Hitachi 3500-N SEM with Kammrath and Weiss Gmbh 5 kN tensile/compression module was applied. Tested specimens with rectangular shape of dimensions 4.15 * 6.76 * 32.6 mm were used. During tensile tests the samples were elongated by steps, and tensile force in the range from 0 to 40 N and elongation from 0 to 132 m were applied. After each step of elongation the surface of deformed thin film was observed using SEM (magnification from 600 to 6000x) in order to detect cracks appearance. Behavior of the coating during tensile was modeled using the finite elements (FE) in the authors' codes. Methodology and selected results were presented in Section 4.
Residual Stress
The well-known experimental methods of residual stress measurement, including the X-ray methods [21] , are useful, but they have some disadvantages: (a) they give only average and local stresses in a volume; (b) they cannot provide a stress Journal of Nanomaterials variation, distribution, and directions in a thin film system during fabrication; (c) they cannot reveal stress discontinuity across individual layers. Measurements of a diffraction peak displacement and broadening can be used for determination of stresses present in the near surface layers of the crystalline materials [22, 23] . For such materials in-depth stress gradient can be analysed using of grazing incidence geometry of diffraction [24, 25] . However, these methods are dedicated to well-crystalline materials providing sufficiently strong diffraction peaks [26] . It was checked that such conditions are not fulfilled in the case of layers analysed in the present work, and, therefore, the stress cannot be measured using the X-ray diffraction. However, surface stress can cause bending of a thin object, and this effect can be used for a determination of the stress level. Such method (referred to as the curvature measurement method (CMM)) has already been successfully used for the determination of stress in titanium nitride coating on a steel [27] , on the WC-Co substrate, and for the Au coating on Si substrate [28] . A two-layer bimaterial beam or plate specimen is usually used for CMM and the curvature is induced due to a change in initial stresses when the specimen is released from 4
Journal of Nanomaterials constraints imposed during the stress source processing. In the case of a thick beam specimen with a very thin coating, the thin-film approximation can be applied and Stoney's formula can be used for relation from the curvature to residual stress in the coating [29] . However, in this case the curvature tends to be small and difficult to be measured reliably. In order to increase deflections and sensitivity of measurements, a thin substrate should be used; conditions for the Stoney's approximation are not fulfilled and appropriate models have to be developed to relate the measured curvature to the residual stress (e.g., the Timoshenko model [30, 31] , the model of Suhir [32, 33] , or the finite element Schajer's integral methodology [28] ). Some models were also developed for the multilayered structures [34] [35] [36] . The model developed by the Timoshenko is relatively simple and has no restriction on thickness of layers in the analyzed structure, so it is used in the present work. The schematic sketch of the sample and parameters used in the analytical model of residual stress is shown in Figure 3 .
The interpretation of results of experiment was based on methodology developed for determination of residual stress in layers considering the observed deflection of samples [30, 31] . It is assumed that in the moment of deflection of sample the material is in an elastic state. The formulas (1) and (2) are written for composition of materials TiN and Bionate II, and they are taken from works [30, 31] . The formulas (3) and (4) are written for composition of materials TiN, Au, and Bionate II based on the same assumptions as it is in formulas (1) and (2) . In case, when the thickness of Au thin film is small (about 0.1 times smaller than the thickness of TiN), the interpretation of results can be done by using formulas (1) and (2) . The formulas (5) and (6) are helpful to obtain the volumetric strain and mean stress in TiN, which are necessary in a FE formulation of the problem. Consider
where is center of gravity with respect to properties; ℎ, ℎ PU , 
Tension Test
The typical literature reports present the approach to experimental microtension test, in which the strain-stress curves and the SEM's microphotographs of specimens are obtained, for example, in [37] [38] [39] . The second group of literature studies is dedicated to numerical modelling of the in situ SEM's microtension/microcompression test, in which a finite element method (FEM) [40] and discrete dislocation dynamics (DD) [41] are applied. The numerical and experimental approaches are coupled in all of the cited works [40, 41] . The recommended numerical methods (FEM and DD) are combined in the latest works [42] and they were dedicated to problems of mechanical behaviour of crystals from microto nanoscales. Summarizing, the literature research shows that experimental in situ SEM's microtension test provides detailed data especially for a fracture analysis in a microscale. The last fact is often examined in the literature for materials of the crystal plasticity problems. The same trend is observed in the numerical research of the tests inspired by the in situ SEM's microtension/microcompression tests. The FEM and DD methods are used to solve not only problems of a fracture in a microscale, but a nano scale is also analysed. ∘ to the stretching direction. There are some small cracks on the surface of coating at the initial stage of deformation (tensile force 14 N, elongation about 2 um). When the sample is stretched at about 0.2 mm, the number of cracks begins to increase rapidly. When the sample is stretched at exactly 0.2 mm, the entire sample surface is covered with cracks. It should be noted that an extension of 50 nm of the TiN of about 0.2 mm causes very big deformation. The numerous cracks occur at the stretching of several m. The cracks propagate in the perpendicular direction to the main cracks and are caused by a shrink and a deformation of substrate in the direction perpendicular to the stretching. The justification of cracking of the TiN coatings is shown, for example, in the work [15] . The substrate-coating compound system always tends to reduce the overall strain energy. If the substrate material is deformable like the polymer substrates, the huge difference in elastic moduli trigger huge deformation of the surface. Wrinkling has been suggested as a mode of common deformations of the substrate (surface) and the film in such situations. Wrinkling is described as the formation of sinusoidal buckles on the surface, which does not lose their adhesion to the substrate (which distinguishes it from a buckling). Thus, the main deformation mechanisms in wrinkling are bending of the substrate or of the near-surface region of the substrate (depending on the elasticity of the substrate material) together with the covering coating.
Modeling.
The macroscale analysis on an inner surface of the Religa Heart Ext blood chamber (a strain is acquired from the macroscale FE model) was used to find the areas with the greatest tendency to failure. The FE elements with the maximum strain and stress were located between the two connectors in [9] on the inner surface of the blood chamber. These results were also examined in the developed microscale model [6] . The same microscale model enriched with boundary conditions taken from the experimental microtension test is developed in the present work. The SEM's results represent a mean strain in the direction of elongation ( ) and it is the boundary condition in the microscale model of the test (for a representative volume element, RVE). The microscale models of the TiN/Au/polymer and the TiN/polymer developed in the present paper have irregularities (roughness) due to the TiN nanocoating and they are based on the AFM's results. The coating is represented by a periodic function [20] with three key parameters: an amplitude, a wavelength, and a thickness. The micromodel incorporates the experimental parameters: a residual stress (690 MPa), shape parameters of the coating wave's characteristics, material models of the TiN and Au coatings, and the polymer.
The mechanical properties of the material system TiN/Au/Bionate II are assumed as follows.
(a) The bilinear [43] , elastic-plastic material model of the TiN nanocoating is described by the parameters identified in [5] The RVE is composed of the polymer and the TiN and/or the Au nanocoating. The nonlinearity of the mechanical properties of the TiN coating, Au coating, and the polymer are observed. Thus, an elastic-plastic and a nonlinear elastic material models, as well as their corresponding theories, are used in the computations. The microscale boundary problem, which included the unloading process, is solved by the FE micromodel. The initial stress { 0 res } in the TiN nanocoating is applied in the FE formulation. The relationship between the stresses and strains is established using a matrix (vector) definition:
where { 0 res } is residual stress; { } and { } are stress and strain tensors in a vector format. The variational principle of the nonlinear elastic and elastic-plastic theories leads to the following functional form for the finite element in the RVE:
where { } is a nodal displacement vector in the elements; 0 res is an experimental value of the residual stress in the current finite element (the residual stress was introduced in the TiN nanocoating in the model).
The effective Young's modulus is used in the elastic zone (instead of the Young's modulus) to linearise the function in (7) for a nonlinear problem:
where is an effective stress and is an effective strain. 
The periodic boundary conditions (PBC) are used and the cinematic boundary conditions are applied in the direction of tension. The deformation in a direction of tension 1 (the first principal strain of the strain tensor) obtained in the in situ SEM's microtension test as the mean X-strain is used as a boundary condition for the RVE. Strain 2 (the second principal strain of the strain tensor) taken from the in situ SEM's microtension test as the mean Y-strain is introduced in the microscale model. Therefore, the 3D boundary problem of the RVE deformation is transformed to the 2D plane strain problem with a prescribed value of the strain 2 .
The two FE models of microtension test corresponding to two samples TiN/Bionate II and TiN/Au/Bionate were developed. The following compositions of material layers were applied in the models: (1) 50 nm of TiN, 5 nm of Au, and 1000 nm of Bionate II and (2) 55 nm of TiN and 1000 nm of Bionate II. The FE models used to solve the boundary problem are composed of 13320 nodes. The boundary conditions, materials' layers, a normal strain , and a mesh applied in the first FE model are shown in Figure 5 . The same boundary conditions and a FE mesh were used in the second model.
Identification of Residual Stress by Analytical Model.
According to the set of parameters introduced in (1)- (6) 
Comparison of FE Models of Microtension Test for Samples
TiN/Au/PU and TiN/PU. Based on settings of the experimental microtension tests, the corresponding numerical models of the tests were prepared in a microscale. The simulations were performed for the initial, middle, and final stages of the test, which corresponds to the forces 8 N ( TiN = 0.0011903), 15 N ( TiN = 0.0028368), and 40 N ( TiN = 0.0109978). These stages were selected because significant changes on the surface of samples were observed in relation to the previous steps of deformation.
The results for the two FE micromodels of samples TiN/Au/PU and TiN/PU for the three loadings (forces: 8, 15, and 40 N; critical loading) are presented in Figures 6-14 . The distributions of effective strain are shown in Figures  8, 11 , and 14, the distributions of shear stress in MPa are shown in Figures 7, 10, and 13 , and the distributions of normal stress in MPa are shown in Figures 6, 9 , and 12. The exact values of maximum and minimum values of effective strain, normal stress, and shear stress computed in the FE models of microtension test for samples: TiN/Au/Bionate II and TiN/Bionate II, are plotted in Figure 15 and they are taken from the results presented in Figures 6-14 .
The qualitative analysis of distributions of shear stress in the tested samples shows that the maximum of compressive shear stress on the boundary between coating and substrate is located in the ascending portion of wave of coating. Contrary, the minimum of tensile shear stress on the boundary between coating and substrate is located in the descending portion of wave of coating under all loadings. The second The qualitative analysis of distributions of normal stress for both samples shows that the character of distributions is similar under all loadings. The distribution of normal stress in the substrate is homogeneous under all loadings. The distribution of normal stress is heterogeneous in the coating and it is caused by the wave character of coating. However, the homogenous distribution of normal stress in the coating is observed in the sample with Au under the lowest loading. In this case, the maximum of compressive normal stress is located in the Au coating and the maximum of tensile normal stress is computed in the TiN coating. For the other simulation, the wave character of coatings is visible in the distributions of normal stress . Hence, the maximum of tensile normal stress is located in the nodes of wave on the boundary between coating and substrate and in the amplitude of wave on the surface of sample. On the other hand, the maximum of compressive normal stress appears in the amplitude of wave on the boundary between coating and substrate and in the nodes of wave on the surface of sample. The size of areas of maximum of compressive and tensile normal stresses depends on the value of loading. The biggest widening of areas of maximum of compressive normal stress under the biggest loading is observed for both samples. The quantitative analysis of maximum of compressive and tensile normal stress for both samples under all loadings shows that the absolute values of normal stress are several times smaller in the samples with Au coating. The absolute value of maximum of compressive normal stress is also several times bigger in the sample with Au coating than the absolute value of maximum of tensile normal stress percentage of variation between maximum values of tensile normal stress for both samples is observed under the other set of loadings.
The qualitative analysis of distributions of effective strain for both samples shows that the character of distributions is similar under all loadings. The distribution of effective strain in the main part of substrate is homogeneous under all loadings; the exception is the area located close to the boundary between coating and substrate. The distribution of effective strain in the coatings is heterogeneous and it is caused by the wave character of coatings and the differences among mechanical properties in the material system. However, the homogenous distribution of effective strain in the coatings is observed in the sample with Au under the lowest loading. In this case, the maximum of effective strain is located in substrate close to the boundary between coating and substrate in the nodes of wave, and the minimum of effective strain is also located in the same area of sample, but in the amplitude of wave. The biggest values of effective strain are located in the substrate, very close to the boundary between coating and substrate under all loadings in all samples. The maximum of effective strain is located in the amplitude of wave in the substrate and the minimum of effective strain is located in the amplitude of wave on the surface of sample and in the node of wave in the substrate. The biggest influence of Au coating on the maximum value of effective strain is observed under the lowest and middle loadings. However, the reduction of maximum value of effective strain caused by the Au coating is relatively small under the lowest and middle loadings. The maximum values of effective strain under the biggest loading are almost the same for both samples and they are the biggest from all of the computed values of effective strain (the biggest loading results in the biggest effective strain).
The observations made on the basis of character of distributions and values of stress leads to the conclusion that Au coating improves the connection between TiN coating and Bionate II substrate, because the computed gradients of stress are smaller. The analysis of character of distribution of effective strain under different loadings also provides a conclusion that Au buffer layer helps to improve the connection between coating and substrate. It is particularly visible under the lowest and middle loadings when the relative reduction of effective strain caused by the Au layer is clearly observed. The same conclusion is made in the literature, for example, in [19] .
Conclusions
(i) The identification of residual stress in the TiN coating in the material system TiN/Au/PU by a selected analytical model was based on experimental profilometric results, because the XRD methods are not recommended for amorphous materials like polymers and a layer with small domains of the crystalline titanium nitride. The Au nanocoating introduced in the designed material system results in bigger compressive residual stress and bending of the sample; thus, the determination of residual stress was possible by a curvature method.
(ii) The AFM's roughness measurement of coating and the in situ SEM's microtension test provided input data and boundary conditions for the developed micromodels.
(iii) The numerical models of microtension test were adopted to reproduce the experimental microtest and to compare the samples with and without Au to estimate the influence of Au buffer coating on the designed material system applied in the wall of heart prosthesis. (iv) The introduction of Au interlayer changes a stress state in each layer of the material system TiN/Au/PU. The particularly important is a change of sign of residual stress in the TiN from tensile to compressive. The presence of compressive stresses increases a toughness of connection that significantly decreases the probability of fracture (it is particularly important for the TiN). Due to character of interatomic bonds the compounds are predisposed to be applied under compressive stress load.
